Hepcidin controls systemic iron balance and is regulated by bone morphogenetic protein (BMP) signaling. Results: MicroRNA miR-130a is up-regulated by iron deficiency and targets BMP type I receptor ALK2 to suppress BMP signaling and hepcidin. Conclusion: miR-130a is a novel regulator of BMP signaling and hepcidin. Significance: This pathway may increase iron availability in the setting of iron deficiency.
The liver orchestrates systemic iron homeostasis by synthesizing the peptide hormone hepcidin, which controls iron entry into the circulation by regulating degradation of the iron exporter ferroportin (1) . Iron administration stimulates hepcidin expression as a negative feedback mechanism to prevent further iron entry into plasma, whereas iron deficiency inhibits hepcidin expression to increase iron availability. Dysregulated hepcidin expression leads to many diseases, including the iron overload disorder hereditary hemochromatosis and the anemia of chronic disease (1) .
The bone morphogenetic protein (BMP) 3 -hemojuvelin (HJV)-SMAD signaling pathway is central to hepcidin transcriptional regulation by iron (2) (3) (4) (5) (6) . Iron stimulates hepatic expression of BMP6 ligand (6 -8) , which binds to a complex of BMP type I and type II serine threonine kinase receptors and the co-receptor HJV to induce phosphorylation of intracellular SMAD1, SMAD5, and SMAD8 proteins (2, 3) . These phosphorylated SMAD1, SMAD5, and SMAD8 proteins (p-SMAD1/5/8) complex with SMAD4 and translocate to the nucleus to induce hepcidin transcription (2) . ALK2 (also known as ACVR1) and ALK3 (also known as BMPR1A) appear to be the primary endogenous BMP type I receptors involved in hepcidin regulation and systemic iron balance, because liver-specific deletion of either ALK2 or ALK3 in mice results in hepcidin deficiency and iron overload (9) . ACTRIIA (also known as ACVR2A) has been proposed as the main BMP type II receptor involved in hepcidin regulation, because ACTRIIA is the predominant BMP type II receptor endogenously expressed in the liver, and because HJV induces preferential binding of BMP ligands to ACTRIIA versus other BMP type II receptors (10) .
MicroRNAs (miRNAs) are short, single-stranded, noncoding RNAs that control gene expression by binding to complementary sequences in target mRNA 3Ј untranslated regions (UTRs) to inhibit translation or induce degradation (11) . Estimated to target more than 60% of all genes, miRNAs have an increasingly recognized role in many physiologic and pathologic processes, including development, differentiation, metabolism, hepatitis C, and cancer (11) . However, a role for miRNAs in iron homeostasis is only recently emerging (12) . One group reported that miR-122 may regulate hepcidin expression and systemic iron balance by inhibiting expression of the hemochromatosis protein HFE and HJV (13) . Others have proposed a role for heme and iron in miRNA processing from primary transcripts to their precursor and mature forms (14, 15) .
Here, we identify miR-130a as a novel regulator of BMP-SMAD signaling and hepcidin expression. We demonstrate that liver miR-130a is up-regulated by iron deficiency in mice. We also show that miR-130a targets the 3ЈUTR of ALK2 to inhibit BMP-SMAD signaling and hepcidin induction by BMP6 ligand in liver cells.
EXPERIMENTAL PROCEDURES
Animals-All animal protocols were approved by the Institutional Animal Care and Use Committee at Massachusetts General Hospital. miRNA microarray analysis and miR-130a validation were performed on livers from 129S6/SvEvTac mice fed a control diet (three females used for microarray; three females and two males used for validation) or iron-deficient diet (two females and one male used for microarray; two females and four males used for validation) for 5 weeks until 12 weeks of age as described previously (8) . Additional validation studies were performed on female C57BL/6 mice (Taconic) fed a control diet (Lab Diets, 380 ppm iron, n ϭ 8) or an irondeficient diet (Harlan Teklad, 2-6 ppm iron, n ϭ 8) for 5 weeks until 9 weeks of age.
Hematologic and Iron Analysis-Hematologic parameters were assessed in whole blood using the ADVIA 2120i and analyzed with multispecies software at Children's Hospital Boston. Serum iron and unsaturated iron binding capacity were measured by colorimetric assay (Pointe Scientific Inc.), and transferrin saturation was calculated as described previously (16) . Quantitative measurement of non-heme iron in the liver was performed as described previously (16) .
MicroRNA Array Analysis-Total RNA was prepared as described for miRNA extraction, and the quality was verified using an Agilent 2100 Bioanalyzer (Agilent Technologies). MicroRNA array was performed by Exiqon Services, Denmark. Briefly, 10 g of total RNA from liver were labeled with Hy3 TM , and an RNA reference pool from each organ was labeled with Hy5 TM fluorescent label, respectively, using the miRCURY LNA TM microRNA power labeling kit, Hy3 TM Hy5 TM . The Hy3 TMand Hy5 TM -labeled pool reference RNA samples were mixed pairwise and hybridized to the miRCURY LNA TM microRNA array (5th generation-hsa, mmu, and rno), which contains cap-ture probes targeting all miRNAs for human, mouse, or rat registered in the miRBASE 16.0. The quantified signals (background-corrected) were normalized using the global Lowess (locally weighted scatterplot smoothing) regression algorithm (see ArrayExpress accession number E-MTAB-1520).
miRNA and mRNA Purification, Reverse Transcription, and Quantitative Real Time PCR (qRT-PCR)-For miRNA analysis, RNA was extracted from cells or liver using TRIzol (Invitrogen). Following TRIzol RNA preparation, 350 l of RLT buffer from RNeasy mini kit (Qiagen) was added to dissolved RNA. Three and one-third volumes of 100% ethanol was added, and the samples were applied to an RNeasy spin column. Samples were washed twice with RPE buffer and eluted in RNase-free water. qRT-PCR was performed according to the manufacturer's directions using the Universal cDNA synthesis kit, SYBR Green master mix (Exiqon) supplemented with ROX Passive Reference Dye (Bio-Rad) and miRCURY LNA TM Universal RT miRNA PCR primer sets hsa-miR-130a, hsa-miR-103, and RNU5G (Exiqon).
For mRNA analysis, RNA was isolated using the QIAshredder and RNeasy purification kits (Qiagen), and cDNA was synthesized with 1000 ng of RNA using the iScript cDNA synthesis kit (Bio-Rad) as described (17) . qRT-PCR was performed using the Power SYBR Green PCR Master Mix as described previously (17) using primers listed in Table 1 .
Relative miRNA or mRNA expression was determined using the ⌬⌬Ct method (18) with RPL19 as reference for mRNA. For all qRT-PCR experiments miRNA, mRNA, or control small RNA standards were prepared by PCR amplification and used to ensure that primer sets amplified efficiently across a six 10-fold dilution series. For initial mRNA qRT-PCR experiments, HPRT and GUSB were used as reference genes in addition to RPL19, either singly or as the geometric mean of all three references, with similar results (data not shown). For all qRT-PCR experiments, no significant changes were seen in reference gene RPL19 (data not shown).
In Silico Analysis of miRNA Targets-miRNA target predictions were performed using the following internet-based programs: microRNA.org, MicroCosm, RegRNA, and TargetScan. For RegRNA analyses, minimum threshold values were set at Score Ն140 and Free_Energy Յ Ϫ7. miRNA sequences were obtained from miRBase. Genomic sequences for the 3ЈUTR of putative miR-130a target genes were obtained from NCBI Aceview database (www.ncbi.nlm.nih.gov).
Plasmid Construction-Genomic DNA was extracted from the human hepatocarcinoma Hep3B cell line (ATCC) using QIAamp DNA mini kit (Qiagen) following the manufacturer's protocol. Pfu Ultra (Agilent) was used to PCR-amplify the fulllength 3ЈUTR of ALK2 using gene-specific primers ( Table 1) . The 3ЈUTR was ligated into the pGL3-promoter plasmid (Promega) downstream of the firefly luciferase gene using FseI and SalI restriction sites. Mutation of putative miR-130a-binding sites (proximal bp 418 -425; distal bp 448 -454) was performed as described in the QuikChange site-directed mutagenesis protocol (Stratagene) using primers listed in Table 1 .
For the SMAD4 3ЈUTR construct, Platinum Pfx DNA polymerase (Invitrogen) was used to PCR-amplify 442-or 456-bp fragments containing the predicted miR-130a proximal (bp 1355-1361) and distal (bp 5167-5173) binding sites, respectively. Binding site fragments were cloned independently or in tandem into the pGl3-promoter plasmid downstream of firefly luciferase using XbaI and FseI sites (primers listed in Table 1 ). These constructs contain the same binding site fragments arranged in tandem as published previously (19) . Mutation of putative miR-130a-binding sites was performed as described for ALK2. All constructs were confirmed by sequencing.
Transfection and Luciferase Assays-Cells were cultured in Eagle's minimal essential medium (ATCC) for Hep3B, HepG2, and HEK293 or in Dulbecco's modified Eagle's medium (Invitrogen) for Hepa 1-6 supplemented with 10% FBS (ATCC) and 2 mM L-glutamine (Invitrogen) as described previously (17) . For endogenous miR-130a analysis, Hep3B, HepG2, and Hepa 1-6 cells were plated on 35-mm dishes to obtain 90 -95% confluence after 18 h and harvested for miRNA. For BMP induction studies, cells were plated as above, treated with medium containing 1% FBS for 7 h, stimulated with 50 ng/ml BMP6 for 17 h, and then harvested for mRNA. For transient transfection of plasmids and miRNA mimics, 50,000 -65,000 Hep3B cells were plated in 1 well of a 24-well dish. After 16 h, cells were transfected for 5 h in Opti-MEM (Invitrogen) using Lipofectamine TM 2000 (Invitrogen). For 3ЈUTR reporter assays, Hep3B cells were transfected with 250 ng of 3ЈUTR firefly luciferase constructs, 25 ng of Renilla-luciferase plasmid (pRL-TK, Promega), and 2.5-10 nM of Pre-miR TM miRNA precursor mimic hsa-miR-130a-3p (miR-130a mimic) or negative control 1 or 2 (Invitrogen). Relative luciferase activity was assayed 48 h post-transfection using the Dual-Luciferase reporter assay system (Promega) as described previously (2) .
For BMP signaling and hepcidin promoter reporter assays, Hep3B cells were transfected with 250 ng of hepcidin promoter firefly luciferase reporter (Hep-luc (2)) or 250 ng of BMP-responsive firefly luciferase reporter (BRE-luc (20) ), in combination with 25 ng of pRL-TK, without or with 0.5-10 nM miR-130a mimic or negative control. For ALK2 add-back experiments, cells were also co-transfected with 50 ng of pcDNA3 (Invitrogen) or pcDNA3 containing HA-tagged ALK2 cDNA without (HA-ALK2) or with the native 3ЈUTR (HA-ALK2-3ЈUTR). Twenty four hours post-transfection, cells were treated with medium containing 1% FBS for 7 h, stimulated with 5 ng/ml BMP6 (R&D Systems) for 17 h, and analyzed for relative luciferase activity as described above.
For endogenous mRNA and protein analysis, Hep3B or HEK293 cells were transfected with 2.5-10 nM miR-130a mimic or negative control as indicated, treated with BMP6 as described above, and harvested 48 h post-transfection. For ALK2 add-back experiments, cells were also co-transfected with pcDNA3, HA-ALK2, or HA-ALK2-3ЈUTR as above. For ALK2 mRNA half-life experiments, Hep3B cells were transfected with 10 nM miR-130a mimic or negative control. Twenty-four hours post-transfection, cells were treated with 5 g/ml actinomycin D in DMSO (Sigma) and harvested at the indicated time points. 
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Immunoblot-Cells or livers were lysed in RIPA Buffer (Boston BioProducts) supplemented with Halt Phosphatase Inhibitor (Thermo Scientific) and Protease Inhibitor mixture (Roche Applied Science). Lysates were prepared by centrifugation at 17,000 ϫ g for 10 min, and protein concentration was determined using Coomassie (Bradford) protein assay kit (Thermo Scientific). Twenty five g of whole cell lysate was separated by reducing NuPAGE NOVEX 4 -12% bis-tris gel (Invitrogen) and transferred to nitrocellulose (Invitrogen). The following antibodies were using for immunoblots: phospho-SMAD1/SMAD5/SMAD8 (p-SMAD1/5/8) (Cell Signaling 9511); SMAD1 (Cell Signaling 9743); SMAD4 (Santa Cruz Biotechnology sc-7966); HA probe (Y-11) (Santa Cruz Biotechnology sc-805); and pan-actin (Millipore MAB1501R). p-SMAD1/5/8 and SMAD1 antibodies were incubated in MBTN Buffer (1ϫ TBST (50 mM Tris (pH 7.4), 150 mM NaCl, 0.05% Tween 20), 10% nonfat dry milk, 1% bovine serum albumin, and 1% IgePal CA-630). All other antibodies were incubated in TBST supplemented with 5% nonfat dry milk. Chemiluminescence quantitation was performed using ImageJ 1.46r (21) , with all data normalized to actin. Antibodies were validated in prior publications (2) or using siRNA knockdown experiments (data not shown).
Statistics-Microarray data were analyzed by analysis of variance and a two-tailed Student's t test with or without the Bonferroni correction for multiple comparisons. For all other data, statistical significance was determined by a two-tailed Student's t test for comparisons between two groups or by analysis of variance for comparisons between more than two groups with Newman Keuls post hoc test for pairwise multiple comparisons. p Ͻ 0.05 was considered significant.
RESULTS

miR-130a Is Up-regulated by Iron Deficiency in Vivo and
Predicted to Target Multiple mRNAs in the BMP-SMAD Pathway-To identify novel miRNA regulators of systemic iron homeostasis, we performed an miRNA microarray analysis on livers from 12-week-old male and female 129S6/SvEvTac mice fed a low iron diet or a standard diet for 5 weeks (8) . Hematologic and iron parameters of these mice were previously characterized (8) . Significant differences in miRNA levels between low iron and control diet mouse livers were not detected using statistical analysis accounting for multiple comparisons (data not shown). Most likely, this study was underpowered to detect such differences with only three samples per group and a large within-group variation. We therefore re-analyzed the microarray data using a Student's t test without correction for multiple comparisons as an hypothesis generating method to identify potential candidate miRNAs that might be regulated by dietary iron changes, with the objective to validate potential candidates using qRT-PCR in the original cohort and a separate low iron diet cohort. Potential candidates were prioritized for validation based on the level of change relative to control and the number of predicted targets related to iron homeostasis by four internet-based target-prediction programs (see below).
One candidate miRNA suggested to be increased in the liver by a low iron diet in the microarray was miR-130a (data not shown). Using the full original cohort of five to six mice per group (8) , qRT-PCR analysis demonstrated that liver miR-130a was significantly up-regulated by ϳ2-fold in the low iron diet group compared with controls, whereas we observed no change in another miRNA (miR-103) that showed no variability in our microarray or the housekeeping small RNA Rnu5g (Fig. 1A) .
To further verify that miR-130a is up-regulated by iron deficiency, we measured liver miR-130a levels by qRT-PCR in a different cohort of 9-week-old female C57BL/6 mice treated with a low iron or control diet for 5 weeks (n ϭ 8 per group). Low iron diet mice exhibited evidence of iron deficiency with significantly decreased hemoglobin, mean cell hemoglobin, hemoglobin content of reticulocytes, and liver iron content and a strong trend (p ϭ 0.05) toward decreased serum transferrin saturation compared with the control group (Table 2 ). Similar to the original cohort, liver miR-130a was significantly increased in the low iron diet group compared with controls, whereas miR-103 and Rnu5g showed no change ( Fig. 1B) . Thus, iron deficiency increased liver expression of miR-130a in two separate cohorts of mice, encompassing both genders and two different mouse strains.
Iron deficiency has previously been associated with decreased liver BMP6-SMAD signaling and hepcidin expression (8, (22) (23) (24) , which are thought to be an important compensatory mechanism to increase iron availability. Consistent with prior studies (22) (23) (24) , both low iron diet mouse cohorts exhibited significantly decreased liver Bmp6 mRNA, p-Smad1/5/8 protein, and Id1 mRNA (a target transcript of BMP-SMAD signaling (3)) levels compared with controls, suggestive of reduced BMP6-SMAD signaling (Fig. 1 , C and D) (8) . Low iron diet mice also exhibited significantly decreased liver hepcidin (Hamp) mRNA levels ( Fig. 1D) (8) . In silico analysis using four miRNA target prediction programs revealed that miR-130a was predicted to target the 3ЈUTR of many components of the BMP-SMAD signaling pathway involved in hepcidin regulation (Table 3 ), raising the possibility that up-regulation of miR-130a in the liver could have a functional role to inhibit BMP-SMAD signaling and hepcidin expression in the context of iron deficiency.
miR-130a Inhibits BMP-SMAD Signaling-To test whether miR-130a can inhibit BMP-SMAD signaling in liver cells, we quantitated endogenous miR-130a levels by qRT-PCR in three different liver-derived cell lines, and we tested the responsiveness of these cells to BMP6 stimulation as measured by qRT-PCR of ID1 mRNA expression. Interestingly, we saw an inverse association between endogenous miR130a levels and BMP6 responsiveness in the liver-derived cell lines we tested (Fig. 2, A  and B ). Next, we examined whether transfection with miR-130a mimic (a synthetic double-stranded RNA construct that mimics the function of endogenous miR-130a) affected BMP-SMAD signaling in hepatoma-derived Hep3B cells. Although basal endogenous miR-130a levels were below the level of detection in this cell line, transfection with miR-130a mimic caused a dose-dependent increase in miR-130a levels as measured by qRT-PCR ( Fig. 2C ). As shown previously (10) , BMP6 significantly increased the activity of a BMP-responsive luciferase reporter (BRE-Luc) (20) , as measured by Dual-Luciferase assay (Fig. 2D ). BMP6 also increased endogenous p-SMAD1/ 5/8 protein expression as measured by immunoblot ( Fig. 2F, 1st miR-130a Inhibits BMP Induction of Hepcidin AUGUST 22, 2014 • VOLUME 289 • NUMBER 34
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to 6th lanes) and ID1 mRNA expression as measured by qRT-PCR ( Fig. 2G ). miR-130a mimic had no effect on basal BRE-Luc activity (data not shown) but significantly inhibited BMP6 activation of BRE-Luc activity compared with miRNA mimic negative control ( Fig. 2E ). miR-130a mimic also significantly inhib-ited BMP6 stimulation of endogenous p-SMAD1/5/8 protein expression ( Fig. 2F, 4th to 9th lanes and bottom panel) and ID1 mRNA expression compared with negative control (Fig. 2H) .
SMAD4 Is Not an miR-130a Target in Liver Cells-Next, we investigated the mechanism by which miR-130a inhibits BMP6-SMAD signaling in Hep3B cells. SMAD4 is a common mediator to both BMP and TGF-␤ signaling that was predicted to be a 
TABLE 2 Hematologic parameters and serum and tissue iron analysis of control and low iron diet mice
Red blood cell parameters, including hemoglobin (Hgb), hematocrit (Hct), mean cell volume (MCV), mean cell hemoglobin (MCH), red cell distribution width (RDW), reticulocyte count (Retic), and reticulocyte mean cell hemoglobin (Chr), as well as serum iron, transferrin saturation, and total liver iron content were measured in 9-week-old female C57BL/6 mice fed a control or low iron diet for 5 weeks. Data are presented as means Ϯ S.E. A two-tailed Student's t test was performed to determine statistical significance.
Control (8)
Low iron (8) 
TABLE 3 Predicted miR-130a targets
Genes involved in iron-mediated BMP-SMAD signaling and hepcidin regulation were assayed for putative miR-130a-binding sites using four target-prediction programs as follows: *, microRNA.org; &, RegRNA; $, MicroCosm; #, TargetScan. Ϫ indicates no miR-130a target predictions.
Target genes Human Mouse
Ϫ Ϫ miR-130a Inhibits BMP Induction of Hepcidin miR-130a target by our in silico analysis (Table 3) . Interestingly, miR-130a was recently reported to bind two sites on the SMAD4 3ЈUTR to inhibit SMAD4 protein expression and TGF-␤ signaling in granulocytic cells (19) . We therefore tested whether SMAD4 was an miR-130a target in our system. First, we tested whether miR-130a mimic transfection inhibited the activity of a firefly luciferase construct fused to the 3ЈUTR of SMAD4 using a Dual-Luciferase reporter assay as reported previously (19) . Of note, the previous study used an artificial SMAD4 3ЈUTR construct in which the two predicted miR-130a-binding sites that are located almost 4 kb apart in the native 3ЈUTR were cloned side-by-side (19) . Because of technical difficulties, we were unable to clone the predicted fulllength ϳ6.5-kb SMAD4 3ЈUTR. However, we did generate a side-by-side SMAD4 3ЈUTR luciferase reporter construct (BS1-BS2) similar to what was previously described (19) , and we found that the miR-130a mimic inhibited 3ЈUTR activity of this BS1-BS2 construct compared with negative control (Fig. 3A) . AUGUST 22, 2014 • VOLUME 289 • NUMBER 34
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Although the ability of the miR-130a mimic to inhibit 3ЈUTR activity of this construct was abrogated to some extent when both predicted binding sites were mutated (DM), we did not see an effect when either the proximal (M1) or distal (M2) sites were mutated individually (Fig. 3A) . Moreover, we did not see an effect of the miR-130a mimic on the ϳ450-bp fragment SMAD4 3ЈUTR reporter constructs composed of either the proximal (BS1) or distal (BS2) predicted binding sites cloned in isolation (Fig. 3A) .
We then tested the effects of miR-130a mimic transfection on endogenous SMAD4 mRNA and protein levels in Hep3B cells as measured by qRT-PCR and immunoblot. In contrast to previous reports in other cell systems, the miR-130a mimic had no significant effect on endogenous SMAD4 mRNA or protein levels in Hep3B cells compared with negative control (Fig. 3, B and C). We also could not reproduce the previous reported findings (19) that miR-130a inhibits SMAD4 protein levels in HEK293 cells (Fig. 3D ).
Finally, we tested whether increased miR-130a in low iron diet mouse livers (Fig. 1B) was associated with reduced liver Smad4 mRNA or protein levels as measured by qRT-PCR and immunoblot. Neither Smad4 mRNA nor protein levels were A, B, and D) . Representative immunoblots are shown. E and F, liver tissue from mice treated with a control (Control) or a low iron diet (Low Iron) as described in Fig. 1, B-D, were analyzed for Smad4 relative to Rpl19 mRNA (E) and Smad4 relative to actin protein expression by immunoblot and chemiluminescence quantification (F). Results are reported as the mean fold change Ϯ S.E. relative to the control group. For all panels, significance is indicated by *, p Ͻ 0.05; **, p Ͻ 0.01.
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significantly changed in low iron diet compared with control mice (Fig. 3, E and F) . miR-130a Mimic Targets Two Specific Binding Sites on the ALK2 3ЈUTR to Decrease ALK2 mRNA Stability-Because we could not confirm SMAD4 as a miR-130a target, at least in our biologic system, we next focused on ALK2 as the only miR-130a target predicted by all four programs in both humans and mice in our in silico analysis ( Table 3 ). Hep3B cells were transfected with a reporter construct containing the full-length 3ЈUTR of human ALK2 subcloned downstream of firefly luciferase, a control Renilla luciferase vector, and increasing amounts of an miR-130a mimic or negative control, followed by measurement of relative luciferase activity. The miR-130a mimic significantly inhibited ALK2 3ЈUTR activity by ϳ40% compared with the negative control (Fig. 4A) .
miR-130a is predicted to bind two sites in the ALK2 3ЈUTR. To confirm that miR-130a specifically interacts with these pre-dicted binding sites, we mutated these sites, either individually or together, and tested the effects of the miR-130a mimic versus negative control on 3ЈUTR activity by Dual-Luciferase assay. miR-130a down-regulation of ALK2 3ЈUTR activity was partially abrogated when either the proximal (M1) or distal (M2) predicted binding sites were mutated and was fully abolished when both binding sites (DM) were mutated (Fig. 4B) . These data suggest that miR-130a interacts with both predicted binding sites on the ALK2 3ЈUTR.
miRNAs typically repress gene expression by increasing mRNA degradation and/or inhibiting translation efficiency (11) . The former mechanism decreases both mRNA and protein expression, whereas the latter decreases protein expression without affecting mRNA expression. We therefore tested the effects of the miR-130a mimic transfection on the endogenous expression of ALK2 mRNA in Hep3B cells as measured by qRT-PCR. The miR-130a mimic significantly inhibited endogenous S.E. relative to the negative control at each concentration; n ϭ 3-9 experiments, each performed in triplicate. C, Hep3B cells were transfected with the indicated concentration of miR-130a (gray bars) or negative control mimic (white bars) and treated for 17 h with 5 ng/ml BMP6, followed by measurement of ALK2 relative to RPL19 mRNA by qRT-PCR. Results are reported as the mean fold change Ϯ S.E. compared with control; n ϭ 3 experiments each performed in triplicate. D, Hep3B cells were transfected with 10 nM miR-130a or negative control mimic. Twenty four hours after transfection, cells were treated with actinomycin D for 0 -7 h, followed by measurement of ALK2 relative to RPL19 mRNA by qRT-PCR. Results are reported as mean Ϯ S.E. of fold change compared with the 0 time point for each condition. Half-life (t1 ⁄2 ) calculations are based on three independent experiments, each performed in triplicate. One representative experiment is shown. E, liver tissue from mice treated with a control (Control) or a low iron diet (Low Iron) as described in Fig. 1, B-D, were analyzed for Alk2 relative to Rpl19 mRNA. Results are reported as the mean fold change Ϯ S.E. relative to the control group. **, p Ͻ 0.01, and ***, p Ͻ 0.001. AUGUST 22, 2014 • VOLUME 289 • NUMBER 34
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ALK2 relative to RPL19 mRNA levels compared with negative control (Fig. 4C) . Similar effects were seen in HEK293 cells (data not shown). We were unable to test the effects of miR-130a on endogenous ALK2 protein levels because endogenous ALK2, like other BMP receptors, has a low copy number and is not detectable by immunoblot using currently available antibodies. To confirm that miR-130a mimic increased ALK2 mRNA degradation, we measured ALK2 mRNA half-life using the transcriptional inhibitor actinomycin D. As shown in Fig.  4D , miR-130a mimic significantly decreased ALK2 mRNA halflife from 5.1 Ϯ 0.3 to 4.0 Ϯ 0.1 h (p ϭ 0.04).
Finally, we tested whether increased liver miR-130a in mice on a low iron diet (Fig. 1B) was associated with decreased Alk2 mRNA levels as measured by qRT-PCR. Low iron diet mice exhibited significantly reduced liver Alk2 mRNA compared with controls ( Fig. 4E) .
miR-130a Inhibits BMP6 Induction of Hepcidin by Targeting ALK2-BMP6-SMAD signaling is essential for transcriptional activation of the main iron regulatory hormone hepcidin (1), and ALK2 has an important role in mediating BMP6-SMAD signaling and hepcidin expression in vivo (9) . We therefore tested whether miR-130a has a functional role in regulating hepcidin transcription by examining the effects of miR-130a mimic versus negative control on BMP6 induction of hepcidin promoter luciferase activity (Hep-Luc, 2) and endogenous hepcidin (HAMP) mRNA levels in Hep3B cells. As described pre-viously (16), BMP6 robustly stimulated Hep-Luc activity as measured by Dual-Luciferase assay (Fig. 5A ) and endogenous HAMP mRNA as measured by qRT-PCR (Fig. 5C ). miR-130a mimic had no effect on basal Hep-Luc activity (data not shown), but significantly inhibited BMP6 induction of Hep-Luc activity compared with negative control (Fig. 5B ). miR-130a mimic also significantly inhibited BMP6 stimulation of endogenous HAMP mRNA levels as measured by qRT-PCR (Fig. 5D ).
To determine whether down-regulation of ALK2 was the mechanism by which the miR-130a mimic inhibited BMP6 induction of hepcidin, we tested whether transfection of exogenous HA-tagged ALK2 cDNA without (ALK2-HA) or with the native 3ЈUTR (ALK2-HA-3ЈUTR) could reverse miR-130a effects on BMP6-stimulated hepcidin expression in Hep3B cells. Equivalent ALK2-HA expression for both constructs in transfected cells was confirmed by qRT-PCR ( Fig. 6A ) and immunoblot with HA antibody (Fig. 6B ). Only expression of the ALK2-HA-3ЈUTR construct was inhibited by miR-130a mimic transfection, whereas ALK2-HA expression was not affected (Fig. 6C ). ALK2-HA expression partially rescued BMP6 induction of Hep-Luc activity (Fig. 6D) as well as endogenous ID1 (data not shown) and hepcidin mRNA expression ( Fig. 6E ) in cells treated with miR-130a mimic. In contrast, ALK2-HA-3ЈUTR did not rescue BMP6 induction of hepcidin expression in cells treated with the miR-130a mimic (Fig. 6F ). 
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DISCUSSION
Hepcidin is the master regulator of overall body iron balance, and the BMP-SMAD pathway is a central regulator of hepcidin expression in the liver (1) . The mechanisms by which iron loading and iron deficiency regulate liver BMP-SMAD signaling to control hepcidin expression are incompletely understood. Here, we identified miR-130a as a novel regulator of BMP-SMAD signaling and hepcidin expression in liver cells in response to iron deficiency.
We demonstrated that miR-130a expression in the liver is up-regulated by a low iron diet in two mouse cohorts. Several links have previously been described between iron and miRNA biogenesis. miRNAs are transcribed as primary transcripts (pri-miRNA), which are cleaved by Drosha and DiGeorge critical region-8 (DGCR8) to yield stem-loop precursor miRNAs (pre-miRNAs), which are then processed by Dicer to yield functional single-stranded 20 -22 ribonucleotide mature miRNAs (11) . Interestingly, decreased cytosolic iron levels were recently shown to increase processing of many pre-miRNAs to mature miRNAs by increasing the association of the putative cytosolic iron chaperone poly(C)-binding protein 2 with pre-miRNAs and Dicer, although miR-130a was not specifically identified in this study (15) . Additionally, heme has been associated with processing of pri-miRNAs into pre-miRNAs via the hemebinding protein DGCR8 (14) . Hypoxia, which is intimately coordinated with iron homeostasis (25) , was demonstrated to increase mature miR-130a but not pri-or pre-miR-130a levels in hippocampal neuronal cells (26) . Future studies will be needed to determine whether these or other mechanisms are responsible for liver miR-130a up-regulation by a low iron diet.
Using multiple lines of evidence, we identified the BMP type I receptor ALK2 as a novel target of miR-130a. Mutagenesis studies confirmed that miR-130a specifically binds two sites in the ALK2 3ЈUTR. Consistent with a known role for miRNAs to destabilize mRNAs (11) , we demonstrated that miR-130a decreases endogenous ALK2 mRNA half-life. Importantly, we AUGUST 22, 2014 • VOLUME 289 • NUMBER 34
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showed that miR-130a has a functional effect to inhibit BMP6-SMAD signaling and BMP6-dependent hepcidin transcription in Hep3B cells.
Interestingly, miR-130a did not affect basal BRE-Luc and Hep-Luc activity in Hep3B cells. Of note, basal BMP signaling in Hep3B cells is mediated by endogenous BMP2 and BMP4 ligands and not by BMP6 (10) . Although BMP6 uses the type I receptor ALK2 to signal, BMP2 and BMP4 ligands typically do not use ALK2 but rather use ALK3 and ALK6 (10) . Thus, because BMP6 and therefore ALK2 do not contribute to basal BMP signaling in Hep3B cells, this can explain the lack of effect of miR-130a on basal BRE-Luc and Hep-Luc activity in this system. Another potential explanation could be that miR-130a target(s) are not limiting under basal conditions but become limiting under the condition of BMP6 stimulation.
Our data suggest that inhibition of ALK2 is at least part of the mechanism by which miR-130a inhibits BMP6 stimulation of hepcidin because transfection with exogenous ALK2 cDNA lacking the native 3ЈUTR partially rescued the effect of the miR-130a mimic on BMP6-dependent hepcidin expression. The inability of ALK2 transfection to completely reverse the effects of the miR-130a mimic could be because ALK2 levels were not fully restored by transfection. Alternatively, these data could suggest that miR-130a may target additional components of the BMP-SMAD pathway (see Table 3 ).
miR-130a was previously reported to bind to two predicted sites in the SMAD4 3ЈUTR to inhibit SMAD4 protein (but not mRNA) expression in HEK293 and other cell lines (19) . In contrast, we did not see a decrease in SMAD4 protein in Hep3B cells transfected with miR-130a mimic. One explanation for the disparity could be the different biologic systems used, although we could not reproduce the previously published results in HEK293 cells. One limitation of the previous study was the use of an artificial SMAD4 3ЈUTR construct in which the two predicted miR-130a-binding sites that are located almost 4 kb apart in the native 3ЈUTR were cloned side-by-side (19) . This contrasts with our data for ALK2, which used the full-length native 3ЈUTR. Of note, although we found that the miR-130a mimic inhibited 3ЈUTR activity of this SMAD4 side-by-side reporter construct, and the effects of the miR-130a mimic were reduced to some extent when both predicted binding sites were mutated, we did not see an effect from individual mutation of either the proximal or distal sites. Moreover, the miR-130a mimic had no effect on the ϳ450-bp fragment SMAD4 3ЈUTR reporter constructs composed of either the proximal or distal predicted binding sites cloned in isolation. Thus, the apparent inhibition of SMAD4 3ЈUTR activity by miR-130a mimic may be an artifact of the side-by-side construct. Taken together, our data do not confirm that SMAD4 is a target of miR-130a, at least in our biologic systems.
Consistent with our in vitro studies, we demonstrated that increased liver miR-130a levels in low iron diet mice were associated with decreased liver Alk2 mRNA levels. In contrast, neither Smad4 mRNA nor protein levels were decreased in low iron diet mice, consistent with one previous report (24) . The low iron diet mice also exhibited decreased liver BMP-SMAD signaling (with reduced p-Smad1/5/8 protein and Id1 mRNA) and decreased Hamp mRNA levels, as described previously in other animal models of iron deficiency (8, (22) (23) (24) . Proposed mechanisms for these findings have included reduced liver Bmp6 mRNA expression (24) and increased expression of matriptase-2 protein (23), which cleaves the BMP co-receptor hemojuvelin (28) . Indeed, we also found reduced liver Bmp6 mRNA levels in our model. Our data suggest that down-regulation of ALK2 by miR-130a may also contribute to decreased BMP-SMAD signaling and hepcidin expression in the context , BMP6 binds to the BMP type I receptor ALK2 or ALK3, the BMP type II receptor ACTRIIA, and the co-receptor HJV to induce phosphorylation of SMAD1/5/8 proteins, which complex with common mediator SMAD4 to increase transcription of hepcidin mRNA in hepatocytes. Hepcidin is secreted into the circulation to inhibit ferroportin (FPN) cell surface expression and decrease iron entry into the bloodstream. Under iron-deficient conditions (right panel), liver miR-130a expression is increased and targets the 3ЈUTR of ALK2 to inhibit expression. This acts in conjunction with a reduction in BMP6 mRNA expression and an increase in matriptase 2 (MTP2) protein expression (which is proposed to cleave HJV) to decrease signaling through the BMP-SMAD pathway, decrease hepcidin expression, increase ferroportin expression, and thereby increase iron availability.
of iron deficiency. Although the change in each BMP-SMAD pathway component may be modest on its own, the combined effects of inhibiting multiple upstream components of the BMP-SMAD signaling cascade would be expected to have a robust effect on downstream signaling and hepcidin expression ( Fig. 7) . We hypothesize that the functional significance of this would be to maximize ferroportin cell surface expression and improve iron availability. Future studies will be needed to confirm a functional role for miR-130a in regulating liver BMP-SMAD signaling and hepcidin expression under iron-deficient conditions in vivo.
We have previously demonstrated that BMP-SMAD pathway activators can ameliorate iron overload in an Hfe Ϫ/Ϫ mouse model of hemochromatosis (22) and that BMP-SMAD pathway inhibitors can improve iron availability and anemia in animal models of anemia of chronic disease (29) . Our data raise the possibility that targeting miR-130a could represent a novel therapeutic strategy to regulate BMP-SMAD pathway signaling and hepcidin in iron homeostasis disorders. The therapeutic potential of miRNA modulators is exemplified by the fact that a miR-122 inhibitor is already in human clinical trials for treatment of hepatitis C (30) . However, it is important to note that miR-130a expression is not specific to the liver (31), and miR-130a has many other reported targets (32) (33) (34) . Therefore, miR-130a modulators may have other biologic effects. Interestingly, liver miR-130a was recently shown to be altered by hepatitis C (32, 33) , and both miR-130a and the BMP/TGF-␤ superfamily have been suggested to play a role in viral replication (27, 32, 35) . Whether the functional role of miR-130a as a BMP-SMAD pathway inhibitor has relevance to its role in hepatitis C is an interesting area for future investigation.
In summary, we have shown that a low iron diet up-regulates liver miR-130a in mice and that miR-130a targets ALK2 to inhibit BMP-SMAD signaling and hepcidin expression in liver cells. We propose that this pathway could contribute to the down-regulation of multiple BMP-SMAD pathway components to synergistically suppress hepcidin synthesis and thereby maximize iron availability in response to iron deficiency.
